INTRODUCTION
============

Hepatocellular carcinoma (HCC) is the sixth most common cancer and the third most common cause of cancer-related death worldwide.^[@R1]^ The liver is second only after lymph nodes as a common site of metastasis from other solid cancers.^[@R2]^ Surgical resection with curative intent remains the optimal treatment for HCC and liver metastases (METS). However, only 5% to 15% patients with HCC and less than 10% to 15% of patients with liver-only solid tumor metastases are candidates for resection.

Other techniques of therapy have been explored for patients who are not suitable for hepatic resection. Local tumor ablative techniques, such as cryoablation and radiofrequency ablation (RFA), may offer an alternative treatment option for those with unresectable hepatic malignancies. Cryoablation is a long known ablative technique which can lead to protein denaturation and cellular dehydration due to the application of extreme low temperatures to tumor tissue.^[@R3],[@R4]^ Cryoablation was reported to decrease the mortality in several studies,^[@R5]--[@R8]^ but it can lead to complications that associated with multiple freezes. RFA has been the most widely utilized percutaneous ablative technology in the liver,^[@R9]^ which is based on the principle of generating heat on the tumor tissue.^[@R10]--[@R12]^ It has been reported to be not only effective but also safe in the treatment of small hepatic malignant neoplasms.^[@R10],[@R11],[@R13]^

Potential advantages of cryoablation relative to RFA include adequate tumor coverage while avoiding excessively large ablation volumes or propagation into adjacent critical structures and less diaphragmatic injury and post procedural pain when treating hepatic dome tumors.^[@R14]--[@R16]^ However, data are scarce comparing the outcomes of cryoablation and RFA, especially from a randomized controlled trial (RCT). A comprehensive meta-analysis remains the most appropriate means to make a comparison between cryoablation and RFA. Our objective was to conduct a meta-analysis to summarize and quantify the current evidence on the therapeutic efficacy of cryoablation compared with RFA in patients with hepatic malignancies.

MATERIALS AND METHODS
=====================

Literature Search, Study Selection, and Data Extraction
-------------------------------------------------------

This systematic review and meta-analysis follows the Meta-analysis of Observational Studies in Epidemiology (MOOSE) group (Table S1).^[@R17]^ Two researchers (FW and JH) systematically searched PubMed, Scopus, and Cochrane databases for reports published up to May 26, 2015, using a combined text and MeSH heading search strategy with the terms: "cryosurgery ablation," "cryoablation," "radiofrequency ablation," "radio frequency ablation," "hepatocellular cancer," "liver," "liver tumor," "liver cancer," "liver neoplasms," "hepatic tumor," "metastases," and "metastasis." The search was restricted to studies in human beings that were published in or translated into English. We also checked the reference lists of identified reports for other potentially relevant studies. We included studies that met the following criteria: participants aged 18 years or older; prospective design, retrospective design, or randomized controlled design; masked assessment of outcomes; recorded data on results of therapy of cryoablation and RFA (mortality, local tumor progression, and/or complications); and reported data on relative risks (RRs) or odds ratios (ORs) with confidence intervals (CIs) or sufficient information to calculate these, for the association between cryoablation and RFA for therapy of hepatic malignancies. Studies were excluded if they did not provide information to calculate the point estimate, did not make comparison between cryoablation and RFA, or were review studies.

When duplicate reports from the same study were identified, only the most recent publication, or the one with the longest follow-up period, was included. Full text of the article was reviewed if it cannot be excluded by initial review. Two reviewers (YD and FW) extracted the characteristics of each included study, including author, region, study design, disease type, treatment methods, number of participants, number of events (mortality, local tumor progression, and/or complications), percentage of male gender, mean age of participants, mean follow-up duration, mean tumor size, tumor number, and factors balanced. Primary author was contacted for additional information. Institutional review board approval and patient consent were not required for this meta-analysis of observational studies.

Statistical Analysis
--------------------

The random effects model was used to estimate the pooled RRs of events comparing cryoablation to RFA for therapy of hepatic malignancies to take into account heterogeneity among studies, since the study design and measuring time were varied across studies. The χ^2^ test and I^2^ statistic were used to assess the percentage of variability attributable to heterogeneity beyond chance across studies.^[@R18]^*P* \> 0.10 for the χ^2^ test and I^2^ \< 25% were interpreted as signifying low-level heterogeneity. Subgroup analyses were performed according to the geographic location (The United States, Europe, or China), mean age of participants (\<60 years or ≥60 years), study design (prospective study, retrospective study, or RCT), publication year (pre-2005 or 2005 onwards), disease type (HCC alone, METS alone, or HCC and METS combined), and other factors balanced, to test the possible impact factors. We also performed sensitivity analyses by removing each individual study from the meta-analysis.^[@R19]^ Funnel plots were used to examine the presence of publication bias (ie, by plotting the natural log of the OR against its standard error). We also used Egger regression test^[@R20]^ and Begg--Mazumdar test^[@R21]^ to further assess publication bias. Statistical significance was defined as a 2-tailed *P* \< 0.05. All statistical analyses were conducted with RevMan, version 5, from the Cochrane Collaboration (<http://www.cochrane.org/>).

RESULTS
=======

Study Characteristics
---------------------

The systematic search identified 208 potentially relevant articles, which were assessed by title and abstract. Of these, 162 articles were qualified for selection (Figure [1](#F1){ref-type="fig"}). After full-text assessment, a total of 7 articles met the inclusion criteria and were included in the meta-analysis, including 4 prospective studies,^[@R22]--[@R25]^ 2 retrospective studies,^[@R26],[@R27]^ and 1 RCT.^[@R28]^ Primary characteristics of the 7 included studies are provided in Table [1](#T1){ref-type="table"}. Among the included studies, 3 were from Europe, 3 were from The United States, and 1 was from China. Overall, data were available from 1029 patients with hepatic malignancies, of whom 577 were treated with cryoablation and 452 were treated with RFA. Three studies involved patients with HCC, 1 involved patients with METS, and 3 involved patients with both HCC and METS.

![Flowchart for the selection of eligible studies.](medi-94-e2252-g001){#F1}

###### 

Characteristics of Included Studies
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Mortality
---------

Data on mortality of at least 6 months were available for analysis in 626 patients in the cryoablation group with 77 deaths and 414 patients in the RFA group with 68 deaths. The meta-analysis showed that there was no statistically significant difference in mortality of at least 6 months between cryoablation group and RFA group (OR = 1.00, 95% CI: 0.68--1.49) (Figure [2](#F2){ref-type="fig"}). There was no evidence of heterogeneity among individual studies (*P* = 0.70, I^2^ = 0%). We observed that the study of Wang et al^[@R28]^ accounted for a large weight (75.4%). Therefore, we pooled the results again by omitting this study, and the OR was not materially changed (OR = 1.29, 95% CI: 0.59--2.86). In the subgroup analyses, the pooled ORs did not differ significantly by geographic location, mean age of participants, study design, publication year, disease type, and other factors balanced or not (Table [2](#T2){ref-type="table"} ). Sensitivity analysis indicated that the nonsignificant difference in mortality was not materially changed in the leave-one-out analyses by omitting 1 study in turn, with pooled ORs range from 0.93 (95% CI: 0.61--1.41) to 1.28 (95% CI: 0.58--2.83), comparing patients in the CSA group to those in the RFA group.

![Relative risk of mortality of at least 6 months, comparing patients in the cryoablation group to those in the RFA group.](medi-94-e2252-g003){#F2}
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Subgroup Analyses, Comparing Patients in the Cryoablation Group to Those in the RFA Group
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Subgroup Analyses, Comparing Patients in the Cryoablation Group to Those in the RFA Group
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Local Tumor Progression
-----------------------

Data on local tumor progression according to patients were available for analysis in 583 patients in the cryoablation group with 87 events and 378 patients in the RFA group with 38 events. The result of meta-analysis indicated that there was no statistically significant difference in local tumor progression according to patients between cryoablation group and RFA group (OR = 1.64, 95% CI: 0.57--4.74) (Figure [3](#F3){ref-type="fig"}A). The I^2^ statistic for heterogeneity between studies was 80%, with *P*-value for the χ^2^ test 0.0002, suggesting substantial between-study heterogeneity. In the subgroup analyses, the pooled ORs did not differ significantly by most of the study-level factors except for study design (Table [2](#T2){ref-type="table"} ). In the subgroup analysis of retrospective study, the RR of local tumor progression according to patients was significantly higher in patients treated with cryoablation than those treated with RFA (OR = 7.88, 95% CI: 1.95--31.75), based on only 1 study. Additionally, sensitivity analysis indicated that the nonsignificant difference in local tumor progression according to patients was not materially changed in the leave-one-out analyses by omitting 1 study in turn, with pooled ORs range from 1.18 (95% CI: 0.43--3.24) to 2.27 (95% CI: 0.74--7.00), comparing patients in the cryoablation group to those in the RFA group.

![Relative risk of local tumor progression according to patients (A) and relative risk of local tumor progression according to tumors (B), comparing patients in the cryoablation group to those in the RFA group.](medi-94-e2252-g006){#F3}

Data on local tumor progression according to tumors were available for analysis in 477 patients in the cryoablation group with 59 events and 601 patients in the RFA group with 57 events. Similarly, meta-analysis did not show significant difference in local tumor progression according to tumors between cryoablation group and RFA group (OR = 1.81, 95% CI: 0.74--4.38) (Figure [3](#F3){ref-type="fig"}B). Potential heterogeneity was explored among the individual studies (*P* = 0.001, I^2^ = 75%). Subgroup analyses showed that the RR of local tumor progression according to tumors was significantly higher in patients treated with cryoablation than those treated with RFA in studies that conducted in The United States (OR = 7.11, 95% CI: 1.94--25.97) and Europe (OR = 2.01, 95% CI: 1.03--3.90), in 1 study with retrospective design (OR = 5.33, 95% CI: 1.71--16.62), in studies published before 2005 (OR = 3.53, 95% CI: 1.30--9.63), and in studies that involved both HCC and METS patients (OR = 6.04, 95% CI: 2.57--14.20) (Table [2](#T2){ref-type="table"} ). Sensitivity analysis indicated that the nonsignificant difference in local tumor progression according to tumors was not materially changed in the leave-one-out analyses by omitting 1 study in turn except for the study of Wang et al,^[@R28]^ with pooled ORs range from 1.40 (95% CI: 0.59--3.31) to 2.52 (95% CI: 1.24--5.11).

Complications
-------------

Data on complications after therapy were available for analysis in 458 patients in the cryoablation group with 82 events and 377 patients in the RFA group with 28 events. The pooled analysis showed that the risk of complications was significantly higher in the cryoablation group, compared with the RFA group (OR = 2.93, 95% CI: 1.15--7.46) (Figure [4](#F4){ref-type="fig"}). There was potential heterogeneity among the individual studies (*P* = 0.01, I^2^ = 67%). However, subgroup analyses indicated that the significantly higher risk was only seen in patients with mean age over 60 years (OR = 1.96, 95% CI: 1.02--3.80), in studies with prospective design (OR = 8.45, 95% CI: 2.46--29.05), and in studies that balanced other factors (OR = 2.77, 95% CI: 1.00--7.61) (Table [2](#T2){ref-type="table"} ). The leave-one-out analyses indicated that there was no significant difference in complications between cryoablation group and RFA group when omitting the study of Joosten et al^[@R23]^ (OR = 2.85, 95% CI: 0.94--8.68) or the study of Pearson et al^[@R24]^ (OR = 1.71, 95% CI: 0.97--3.02).

![Relative risk of complications, comparing patients in the cryoablation group to those in the RFA group.](medi-94-e2252-g007){#F4}

We also made summary of RRs of several specific complications, comparing patients in the cryoablation group to those in the RFA group. Although the overall estimate showed that the risk of total complications was significantly higher in the cryoablation group, there was no significant difference in most specific complications between cryoablation group and RFA group (Figure [5](#F5){ref-type="fig"}). The cryoablation therapy was only associated with a significant increase in the OR for thrombocytopenia (OR = 51.13, 95% CI: 2.92--894.21) and renal impairment (OR = 4.19, 95% CI: 1.34--13.11), compared with the RFA therapy.

![Summary of relative risks of some specific complications, comparing patients in the cryoablation group to those in the RFA group.](medi-94-e2252-g008){#F5}

Publication Bias
----------------

There was no potential publication bias in all the meta-analysis, as assessed by funnel plots (Figure [6](#F6){ref-type="fig"}), Egger regression test and Begg--Mazumdar test (all *P* values \> 0.05).

![Funnel plots to explore publication bias in the estimates of mortality (A), local tumor progression according to patients (B), local tumor progression according to tumors (C), and complications (D). The vertical line is at the mean effect size.](medi-94-e2252-g009){#F6}

DISCUSSION
==========

Findings from the meta-analysis of 7 studies indicate that there were no significant differences in mortality of at least 6 months and local tumor progression according to both patients and tumors between cryoablation group and RFA group. However, patients in the cryoablation group had significantly higher risk of complications than those in the RFA group. When considering the specific complications, only the risks of thrombocytopenia and renal impairment but not other complications were significantly higher in the cryoablation group, compared with the RFA group.

There is still a lack of RCTs to directly compare the treatment effects and safety profile between cryoablation and RFA for therapy of unresectable hepatic malignancies. Wang et al^[@R28]^ conducted the first prospective, multicenter RCT to compare cryoablation with RFA on their clinical outcomes in treating HCC patients in the Chinese population. This first RCT was important since RCTs have been accepted as the golden standard to determine the effectiveness of the intervention, making results "evidence based." However, a comprehensive meta-analysis is still needed to compare cryoablation with RFA to compensate for the individual lack of precision in most of the published studies, a problem that could be alleviated by pooling the data of all the studies. Therefore, meta-analysis of previous studies is a potentially powerful approach to evaluate the long-term effects of cryoablation compared with RFA in patients with hepatic malignancies.

In our meta-analysis, the point estimate of RR for mortality of at least 6 months was 1.00, comparing patients in the cryoablation group to those in the RFA group with pooled rates of 12.3% (77 of 626) and 16.4% (68 of 414), which suggests that the 2 methods are equally efficient for initial treatment success. In addition, there were no significant differences in local tumor progressions between 2 groups, although the point estimates were over 1. Overall, the local tumor progression following cryoablation was 14.9% (87 of 583) of patients and 12.4% (59 of 477) of tumors compared with 10.1% (38 of 378) of patients and 9.5% (57 of 601) of tumors following RFA. The pooled rates of local tumor progressions in our meta-analysis were in the interval of those reported in previous studies specifically dedicated to cryoablation (2.3--44.0%)^[@R29]--[@R32]^ or to RFA (1.8--18.0%).^[@R2],[@R33]--[@R35]^ In the subgroup analyses, the risks of local tumor progressions of cryoablation compared with RFA were shrinked following treatment for HCC alone with point estimates below 1 (OR = 0.53, 95% CI: 0.24--1.18 according to patients, and OR = 0.82, 95% CI: 0.25--2.77 according to tumors), and were amplified following treatment for HCC and METS combined with point estimates increasing (OR = 2.34, 95% CI: 0.51--10.70 according to patients, and OR = 6.04, 95% CI: 2.57--14.20 according to tumors). This means when treating for HCC alone, the risks of local tumor progression was relatively lower in the cryoablation group than those in the RFA group, and when patients with METS involved, the risks of local tumor progression was relatively higher in the cryoablation group than those in the RFA group. This is consistent with previous findings that metastatic tumors treated by cryoablation tend to have a higher local tumor progression, up to 44%, compared with primary hepatic tumors (0%).^[@R32]^ The situation was not the same for treatment of METS alone, because subgroup analyses included only 1 study following treatment of METS alone, with low statistical power.

Compared with RFA, cryoablation lacks an electrocautery needle tract, which represents the main possible risk for cryoablation-related bleeding. A previous study reported that bleeding was the major complication of cryoablation with average amount of blood loss of 700 ml.^[@R36]^ In our meta-analysis, the pooled rate of hemorrhage was 4.14% (18 of 435) in the cryoablation group and 1.16% (4 of 346) in the RFA group, showing a trend demonstrating the higher risk of bleeding regarding cryoablation compared with RFA despite a lack of statistical significance (OR = 1.92, 95% CI: 0.62--5.88). Regarding other complications data, our pooled analysis confirms significantly higher risks of thrombocytopenia and renal impairment in the cryoablation group than those in the RFA group. The complete coagulation of tumor and the surrounding hepatic microvasculature by RFA seems to prevent the rapid release of necrotic cellular products into the circulation and, thus, explains the lower risk of thrombocytopenia in the RFA patients, and renal dysfunction that has been reported after cryoablation.^[@R37],[@R38]^

The strengths of the present meta-analysis are that we combine data from more studies than the previous one, including 1 multicenter RCT, thus giving greater statistical reliability, and no evidence of publication bias was found in all the analyses.

There are several limitations to this meta-analysis. Firstly, although we included more studies than the previous meta-analysis, the number of included studies is still limited, especially for the lack of RCTs. Secondly, we found statistical heterogeneity when we quantitatively pooled several outcomes. Although this was addressed by using random effects meta-analysis, subgroup analysis, and sensitivity analysis, these are unlikely to have fully accounted for heterogeneity. Thirdly, our inference is mostly based on observational studies, some included studies did not balance for other factors or only balance for a few important factors, thus, we cannot exclude the chance, residual or unmeasured confounding as alternative explanation of our findings. Fourthly, studies with newer devices for cryoablation, allowing an easy and safe percutaneous approach, are not available yet. Finally, the results of our meta-analysis were materially changed in some subgroup and sensitivity analyses, suggesting the results were not quite robust. In general, considering the limitations mentioned above, the physicians should interpret our results with adequate caution when they apply them in clinical practice.

CONCLUSIONS
===========

In conclusion, this meta-analysis suggests that the 2 methods had almost equal mortality of at least 6 months and did not show significant difference in local tumor progression according to both patients and tumors. However, compared with RFA, cryoablation showed significant higher risk of total complications, with increased risks of thrombocytopenia and renal impairment but not other complications. Given the relatively small studies and heterogeneity among studies, further large-scale, well-designed RCTs are urgently needed to identify the current findings and investigate the long-term effects of cryoablation compared with RFA for therapy of hepatic malignancies.
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